Tsunami shelters are of great importance to mitigate casualties by earthquake-induced killer waves, and the design guidelines for their practical design are recently developed by a task committee under the Japanese Cabinet Office, since great earthquakes significantly affecting coastal regions are expected to occur in the near future in Japan. Although they propose a practical design formula to calculate tsunami loads acting on shelters, it is derived primarily based on laboratory tests with scaled models but not on damage observations. It is therefore essential to examine the design loads through comparison between observed damage and structural strength. In December 2004, a huge scale Sumatra Earthquake caused extensive and catastrophic damage to 12 countries in the Indian Ocean. The author visited Sri Lanka and Thailand to survey structural damage due to tsunami, and investigated the relationship between damage to structures, lateral strengths computed based on their member properties, and observed tsunami heights. In the survey, 28 simple structures generally found in the affected coastal regions were investigated. The investigated results show that the design tsunami loads proposed in the guidelines are found rational to avoid serious damage but may not be conservative if the load amplification due to drifting debris is taken into account.
INTRODUCTION
Mitigating damage due to tsunami as well as due to strong ground shaking is of highest priority to minimize loss of human lives and properties in areas along the coastline susceptible to tsunami hazard. Since great earthquakes such as Tokai Earthquake and Tonankai-Nankai Earthquake significantly affecting coastal regions are expected to occur in the near future in Japan, a task committee was set up under the Japanese Cabinet Office to discuss requirements and criteria to identify or design tsunami shelters and the design guidelines for tsunami shelters were proposed in 2005 (JCO 2005) . The guidelines introduced an equation to compute tsunami loads expected to act on shelters constructed on coastlines, which is currently the only formula in Japan available for practically evaluating design tsunami loads for shelters. The equation was, however, developed primarily based on laboratory tests of 2-dimensional scaled model (Asakura et al. 2000) and has not yet been verified through damage observations after natural earthquake-induced tsunamis. It should also be noted that few damage investigations have been made focusing on quantitative evaluation of tsunami loads on building structures unlike that of seismic loads in the building engineering field. The author therefore made extensive damage surveys of structures that experienced the 2004 Indian Ocean Tsunami to investigate the relationship between their lateral resistance and observed damage, and to verify the appropriateness of the design equation. In this paper, the outline of damage surveys and investigated results on design tsunami loads is presented.
DAMAGE SURVEYS

Surveyed Areas
Damage surveys were made in (1) Figure 1 shows the epicenter and surveyed areas. They are located about 1600 km and 500 km away from the epicenter, respectively, and have been little affected by ground shaking (Nakano 2007) .
Survey Strategy
To collect as many damage data as possible for various types of structures and their structural properties, damage surveys were made at approximately 80 sites. Of the all surveyed structures, detailed surveys were made on 28 structures to record structural dimension and reinforcement arrangement to further investigate the relationship between their lateral resistance and tsunami load that acted on them since they met the following three conditions:
(1) The lateral resistance of the surveyed structures could be simply estimated based on the structural properties obtained on site, because (i)their sectional properties (cross-sectional size, reinforcement arrangement, etc.) were measured; (ii)their damage (or collapse) mechanism was simple and the boundary between damaged and intact part of the structure was not complicated; and (iii)they were small and/or regular enough in their plan and height that their lateral strength could be calculated through simple modeling and assumptions. (2) The tsunami trace height was clearly found on the surveyed site through water marks left on building's walls, where it was defined as the water depth above the ground level (i.e., inundation depth) at the structure's site. In addition to that, on-site interviews were also made to enrich tsunami inundation depth data if available. (3) The tsunami load could be simply estimated because the surveyed structures were located in areas close to the coastlines and the direct effects by tsunami attack were the primary source of the damage.
Note that drifting debris as well as tsunami waves may have caused damaging impact on structures. Their effects were therefore considered in investigating the relationship between damage category and lateral resistance when the collision of debris was found to have obviously affected the damage to the surveyed structure. 
Figure 1 Epicenter and investigated areas
Detailed Information Recorded on Surveyed Structures
Considering conditions for detailed surveys described earlier in 2.2, (a)building structures with simple configuration, (b)masonry (brick or concrete block) fence walls, (c)cantilever RC columns, (d)elevated water tanks supported by four columns, (e)Buddha's small mausoleums, and (f)small brick structures such as outhouses (i.e., outdoor toilets) and sheds were investigated for collecting detailed structural information. In the detailed surveys, the following data were collected at each site: (1)topographical information of the site, (2)maximum tsunami inundation depth obtained through measurement and, if necessary, supplementary on-site interviews, (3)building's use and structural type (RC, brick, concrete block, etc.), (4)damage category (no damage, cracked, or collapsed) and damage location(s), (5)structure and/or member dimension (B x D x H etc.), (6)reinforcement arrangement (diameter, spacing, cover concrete depth etc.), if it was an RC structure, and (7)general view photos and structural configurations of investigated structures. Table 1 summarizes the investigated structures and photo 1 shows their typical damage patterns. Note that the structures categorized in (d) through (f) described above were generally found in the affected areas in Sri Lanka, and their data were collected to identify the criteria between damaged and survived structures even if they had minor or no damage. Detailed damage descriptions of surveyed structures and their structural information can be found in the related report (Nakano 2005) .
EVALUATION OF LATERAL RESISTANCE OF INVESTIGATED STRUCTURES
According to the damage and failure mode observed, the flexural yielding strength M y , the ultimate flexural strength at rebar fracture M u , the overturning strength M T , and the shear strength V u are calculated, where M y and M u of RC members are computed from Eqs. (3.1) through (3.3) that are usually applied to beams and columns in Japanese design practice shown as follows:
where M y and M u are the flexural yield strength and the ultimate flexural strength, respectively; σ y and σ u are the yield strength and the tensile strength of rebar, respectively; a t is the cross-sectional area of tensile rebars; B, D, and d are the width, the depth, and the effective depth of a section, respectively; F c is the compressive strength of concrete; and N is the axial load.
Note that most of columns investigated herein have low axial loads and their flexural resistance is evaluated from Eqs. (3.1) and (3.2) neglecting the axial load contribution to resistance while Eq. (3.3) is applied in calculating lateral resistance of a 2-story building designated by S53 in Table 1 (see also (8) in photo 1). It should also be noted that the factor 0.8 in Eq. (3.3) is modified according to the ratio of cover concrete to depth observed in the structure since the cover is thicker than the construction practice generally found in Japan. In computing the strength, the yield and tensile strength of reinforcing bars (σ y and σ u in Eqs. (3.1) through (3.3)) are determined from tensile tests of sample rebars (two samples from buildings in Sri Lanka and six samples from those in Thailand) that are carried out in Japan. The shear strength V u of brick walls is defined as the product of its cross sectional area A w in the principal direction of the structure along tsunami attack and the ultimate shear stress τ u , where τ u is assumed 0.4 N/mm 2 considering the wall's configuration and the brick's quality generally found in the affected areas. The contribution of walls in the direction perpendicular to the tsunami attack is neglected. In calculating the lateral resistance of 2-story building S53, the load-deformation relationship is assumed to reach its peak when the brick fails. The contribution of RC columns to the overall resistance is therefore reduced to half of their ultimate strength assuming the compatibility of deformation between stiffer brick and softer RC columns, which is consistent with the assumptions found in the Japanese Standard for Seismic Evaluation of Existing RC Buildings (JBDPA 2005 Coeff. a 
COMPARISON BETWEEN TSUNAMI LOAD AND OBSERVED DAMAGE
In the guidelines, the design tsunami load is defined by Eq. (4.1). In the subsequent investigations, Eq. (4.2) that is analogous to Eq. (4.1) is first defined, and the coefficient a is evaluated setting the lateral resistance of investigated structure equal to the tsunami load computed from Eq. (4.2):
where q x (z) (kN/m 2 ) is the design tsunami pressure acting on a structure at a distance z above the ground level
(1) S01: RC columns (2) S08: Brick outhouse (3) S16: Cantilever RC columns with rebar fracture (4) S19: CB fence wall w/ RC column (5) S25: Brick outhouse (6) S26: Mausoleum (7) S32: Elevated water tank (8) S53: 2-story RC school (9) S57: RC columns under construction (rebars bent and some columns failed) (10) T09: RC fence columns of Navy Base (rebar fractured) (11) T15: RC columns under construction Photo 1 Typical damage to investigated structures ("S01" etc: ID Nos. in Table 1 2 ) is the gravity acceleration, h (m) is the design tsunami inundation depth, z (m) is the distance above the ground level to compute tsunami pressure p x and q x (0 < z < 3h for Eq. (4.1) and 0 < z < a η max for Eq. (4.2)), Figure 2 illustrates the background concept employed in Eq. (4.1). The design tsunami pressure distribution acting along the structure's height is assumed a triangular shape with the height reaching 3 times of the design tsunami inundation depth h (i.e., the pressure at the bottom is assumed 3 times of the hydrostatic pressure), which is based on the laboratory tests of 2-dimensional scaled model (Asakura et al., 2000) . To examine whether or not the coefficient 3 in Eq. (4.1) is appropriate to evaluate the tsunami load, Eq. (4.2) is introduced in the manner analogous to Eq. (4.1). If the coefficient a successfully categorizes damaged and survived structures at its value of 3, one can say that Eq. (4.1) with a equal to 3 is a rational design formula to compute the tsunami load effect. In calculating the coefficient a, two typical cases of inundation depth and structure's height, which can be found in the guidelines (JCO 2005) , are taken into consideration as shown in Figure 3 since they are the basic patterns of tsunami attack to existing structures in the surveyed areas.
The coefficient a can be computed assuming that the lateral resistance of an investigated structure is equal to the overall tsunami load acting on it under the pressure distribution along its height defined by Eq. (4.2). The coefficient therefore denotes the ratio of equivalent water depth η ' corresponding to the structure's lateral resistance under a triangular hydrostatic pressure profile to the observed inundation depth η max . The procedure to compute the coefficient a is described in detail below.
1. Compute the lateral resistance of investigated structures considering their failure mode as shown earlier in Section 3. 2. Then compute shear force or bending moment acting at the failure point u (defined as the distance between the failure point and the ground surface) assuming the tsunami pressure distribution as defined in Eq. (4.2). Setting the force or moment at the height u equal to the lateral resistance obtained in step 1. above, evaluate the equivalent water depth η ' corresponding to the resistance. Note that the tsunami pressure above structures is neglected and the depth η ' is evaluated assuming the trapezoidal instead of triangular pressure distribution in computing the force or moment as shown in case 2 of Figure 3 .
3. Finally compute the coefficient a, which is defined as the ratio of equivalent water depth η ' to observed tsunami inundation depth η max (i.e., a = η '/η max ). Table 1 shows the investigated tsunami inundation depth η max and the computed coefficient a. Their relationship is shown in Figure 4 (a) for wall-shaped structures such as fence walls and in Figure 4 (b) for column-shaped structures such as cantilever RC columns, respectively, where the structure type is determined based on the shape of member on which the tsunami attacks. When the structures with identical structural properties have different failure patterns due to the effects of drifting debris or some other reasons, two marks corresponding to different failure patterns are plotted at the same point of the figure.
Figure 4(a) shows that structures with the value of a greater than 2.5 have no major damage except for the case S23 that may have been damaged due to drifting debris, and the value of 3 for the coefficient a proposed in the guidelines can be considered rational to avoid serious damage due to tsunami attack. It should be noted, however, that the structure (S23) having the coefficient a greater than 4 suffers wall cracking, and the coefficient of 3 may not be conservative if the load amplification due to drifting debris is taken into account, and countermeasures to protect structures from damage due to drifting debris need to be taken.
Figure 4(b) shows that the coefficient a for column-shaped structures to discriminate between damaged and survived may lie at around 2 when the effects of drifting debris are neglected, which is slightly lower than that for wall-shaped structures. This result implies that column-shaped structures have advantage in tsunami resisting performance over wall-shaped structures on condition that both structures have enough seismic capacity to survive the ground shaking prior to the tsunami attack. It should also be noted, however, that the column-shaped structures can not be left undamaged at the coefficient a in the range of 2 to 3 as shown for the cases of S01, S15, and S16, and countermeasures against drifting debris need to be taken to protect structures as is the case of wall-shaped structures previously described.
CONCLUSIONS
To examine the design load specified in the Japanese guidelines for tsunami shelters, damage surveys are made in Sri Lanka and Thailand after the 2004 Indian Ocean Tsunami disaster, and the lateral strengths of structures in the affected areas, the tsunami load computed by the design formula considering tsunami inundation depth, and the observed damage are mutually compared. The major findings can be summarized as follows: 1. The value of coefficient 3 for computing design tsunami loads proposed in Eq. (4.1) of the guidelines compares well with the criteria between damaged and survived structures in the tsunami affected areas surveyed after the 2004 Indian Ocean Tsunami disaster, and the design tsunami load specified in the guidelines is found rational. 2. The value, however, may not be conservative if the load amplification due to drifting debris is taken into account, and other countermeasures would be needed to avoid unexpected damage due to debris.
